Many cellular constituents in the human brain permanently exit from the cell cycle during pre-or early postnatal development, but little is known about epigenetic regulation of neuronal and glial epigenomes during maturation and aging, including changes in mood and psychosis spectrum disorders and other cognitive or emotional disease. Here, we summarize the current knowledge base as it pertains to genome organization in the human brain, including the regulation of DNA cytosine methylation and hydroxymethylation, and a subset of (altogether 4100) residue-specific histone modifications associated with gene expression, and silencing and various other functional chromatin states. We propose that high-resolution mapping of epigenetic markings in postmortem brain tissue or neural cultures derived from induced pluripotent cells (iPS), in conjunction with transcriptome profiling and whole-genome sequencing, will increasingly be used to define the molecular pathology of specific cases diagnosed with depression, schizophrenia, autism, or other major psychiatric disease. We predict that these highly integrative explorations of genome organization and function will provide an important alternative to conventional approaches in human brain studies, which mainly are aimed at uncovering group effects by diagnosis but generally face limitations because of cohort size.
INTRODUCTION
Chromatin is defined by arrays of nucleosomes, or 146 bp of genomic DNA wrapped around an octamer of core histones, connected by linker DNA and linker histones. The combined set of covalent DNA and histone modifications and variant histones provide the major building blocks for the 'epigenome', or the epigenetic landscapes that mold and organize DNA inside a cell nucleus into myriads of transcriptional units, clusters of condensed chromatin and many other features that distinguish between various cell types and developmental stages sharing the same genome (Li and Reinberg, 2011a; Rodriguez-Paredes and Esteller, 2011) . For recent updates on the complexities of the epigenetic code, including the association of various DNA and histone modification types and variant histones with promoter, enhancer, gene body, and repeat sequences, or their respective role in chromatin condensation, (see Ederveen et al, 2011; Kinney et al, 2011; Zhou et al, 2011) . From a broad perspective, chromatin is ultimately also the critical substrate through which genetic information and, more broadly, the genome's structural organization intersects with a (nucleated) cell's physiology in health and disease. Consequently, exploration of brain epigenomes, including localized and genome-wide regulation of various DNA methylation markings, histone modification, and variants, bears a potential to provide critical insights into the neurobiology of neurological and psychiatric disease. Although much about epigenetic (dys) regulation in CNS disorders has been learned from work conducted in preclinical model systems (see the various papers in this issue of Neuropsychopharmacology Reviews for in depth review and timely update), the number of studies focused on chromatin structure and function in normal and diseased human brain is rapidly increasing. Here, we summarize the current state of knowledge as it pertains to epigenetic regulation in the human brain, including changes during normal development and aging and potential changes in various neuropsychiatric disorders, including autism, schizophrenia, and depression. Our review will mention unresolved design problems as it pertains to epigenome exploration in human brain and emphasize the importance of high-resolution epigenome mapping in various neuronal and glial subtypes residing in specific anatomical areas of the human brain. We argue that chromatin studies in neural tissues, including postmortem brain and differentiated neuronal cultures derived from pluripotent skin cells and other sources, could provide the foundation for a new generation of disease models that integrate the genetic and epigenetic risk architecture of specific individuals with their molecular and cellular brain pathologies.
THE BUILDING BLOCKS OF THE EPIGENOME

DNA (Hydroxy)-methylation
Two related but functionally very different types of DNA modifications, methylation (m) and hydroxymethylation (hm) of cytosines in CpG dinucleotides, are often found in CpG enriched sequences (Kriaucionis and Heintz, 2009 ). The mC5 and hmC5 markings show a strikingly different distribution, with hmC5 mostly confined to the 5 0 end of genes, with levels generally correlating with gene transcription at that locus Song et al, 2011) . In striking contrast, only a minute portion (o3%) of mC5 locates to the 5 0 end of genes, thereby functioning as repressive mark. The remaining 97% of mC5s are found in intra-and intergenic sequences and within DNA repeats (Maunakea et al, 2010) .
Histone Modifications
There are more than 100-amino acid residue-specific PTMs in a typical vertebrate cell (Tan et al, 2011) , including mono (me1), di (me2)-, and tri (me3) methylation, acetylation and crotonylation, polyADP-ribosylation, and small protein (ubiquitin, SUMO) modification of specific lysine residues, as well as arginine (R) methylation and 'citrullination', serine (S) phosphorylation, tyrosine (T) hydroxylation, among others (Kouzarides, 2007; Tan et al, 2011; Taverna et al, 2007) . These site-and residue-specific PTMs show close association with the functional architecture of chromatin, differentiating between promoters and gene bodies, enhancer and other regulatory sequences, condensed heterochromatin (Zhou et al, 2011) (Figure 1 ). The modifications do not occur in isolation, and instead multiple histone PTM appear to be co-regulated and, as a group define the aforementioned chromatin states. For example, both histone H3 lysine 4 methylation and various histone acetylation markings are upregulated at many transcription start sites of actively expressed genes (Zhou et al, 2011) . Furthermore, there is also evidence for a coordinated and sequential regulation; for example, phosphorylation of histone H3 at the serine (S) 10 position often serves as a prelude for subsequent acetylation of neighboring lysine residues K9 and K14 in the context of transcriptional activation, while at the same time blocking repression-associated methylation of K9 (Nowak and Corces, 2004) .
Histone Variants
In addition to the core histones H2A/H2B/H3/H4, metazoan genomes encode histone variants ,such as H3.3, H2A.Z, and H2A.X (Figure 1) , that in contrast to the canonical histones are subject to replication-independent expression and assembly (Woodcock, 2006) , with strong effects on nucleosome stability and compaction (Jin and Felsenfeld, 2007) . It is generally thought that RNA polymerase and the transcriptional activation and elongation complexes destabilize nucleosomes, promoting nucleosome remodeling, and variant histone incorporation, which then further potentiate or stabilize gene expression (Bintu et al, 2011; Sutcliffe et al, 2009) .
Nucleosomes are comprised of a protein octamer of four small proteins, the core histones (see above) around which 146 bp of DNA is wrapped around. Transcription start sites are often defined by a nucleosome-free interval, probably for increased access of the transcriptional initiation complex and other regulators of gene expression. Arrays of nucleosomes, connected by linker DNA and linker histones, comprise the 10 nm 'beads-on-a-string' chromatin fiber. Euchromatin defines loose chromatin typically at sites of actively transcribed genes and units poised for transcription. Heterochromatin defines tightly packed nucleosomal arrays. Constitutive heterochromatin remains highly condensed in most interphase nuclei. Examples includes pericentric and telomeric repeat DNA, the inactivated X-chromosome ('Barr body') of female somatic cells, and other chromosomal structures often found in close proximity to the nuclear envelope and also around the nucleolus (see Figure 1 ). Facultative heterochromatin includes silenced genes that upon differentiation or other stimuli could switch to a state of active transcription.
EPIGENETICS AND TRANSCRIPTIONAL (dys) REGULATION IN DISEASED HUMAN BRAIN. A 'SUBJECT-SPECIFIC' MATTER?
To date, epigenetic approaches in psychiatry are typically focused on gene expression alterations in brain of subjects diagnosed with psychosis or mood spectrum disorder, and other neurodevelopmental, or neurodegenerative disease. The overarching working model implies that a change in promoter DNA methylation or histone modification is a potential indicator for altered gene expression activity at that locus, which in turn is responsible for the corresponding changes in RNA levels. Such type of hypothesis became very popular in the field, because (i) psychiatric disorders typically lack a unifying neuropathology but often are defined by distinct messenger RNA level changes in cerebral cortex and other areas of the (postmortem) brain, affecting transcripts for inhibitory and excitatory neurotransmission, oligodendroglia and myelination, synaptic connectivity, and many other functions (Mirnics and Pevsner, 2004) ; (ii) RNA quantification alone was unable to provide further insights into the underlying mechanisms, and whether transcriptional vs post-transcriptional regulatory mechanisms were driving the observed phenotypic differences between diseased and control brains (Gavin and Akbarian, 2011) ; (iii) the 'classical' model for epigenetic regulation of gene expression offering an attractive and straightforward hypothesis invoked proximal promoter sequences, with DNA methylation serving as the repressive, and histone acetylation as the facilitative signal Tsankova et al, 2007) ; and (iv) nucleosomal arrays, histone and DNA methylation markings and other molecular architectures inside the nucleus remain stable for a prolonged period after death and maintain a robust signal in typical postmortem brain tissue, which typically is exposed to 5-30 h (or more) of autolysis time before being safely stored in a À70 1C freezer Huang et al, 2006) .
Thus, more than a decade ago, epigenetic exploration of the diseased human brain started out with restrictionenzyme-based DNA cytosine methylation mapping at a predetermined set of CpG dinucleotides surrounding the 5 0 end of amyloid beta precursor (Rogaev et al, 1994) and FMR1 genes in single cases diagnosed with Alzheimer's disease and fragile X-mental retardation syndrome (Tassone et al, 1999; Tohgi et al, 1999; West et al, 1995) . In case of fragile X, the expansion of CGG codon from (normally) 5-40 repeats from 50 to over 200 triggers excessive DNA methylation at the promoter, effectively shutting down gene expression by silencing the surrounding chromatin (Oberle et al, 1991) . These highly reproducible molecular phenotypes in a monogenetic neurodevelopmental disorder then provided a roadmap for similar studies by pioneer investigators studying disorders of a more heterogeneous and complex etiology, including depression, schizophrenia, and others. For example, hypermethylation of the REELIN promoter (encoding a glycoprotein critically important for neuronal migration and connectivity formation) (Abdolmaleky et al, 2005; Grayson et al, 2005) , and hypomethylation of catechyl-O-methyltransferase (COMT) (Abdolmaleky et al, 2006) and the SOX10 transcription factor gene encoding an important regulator for oligodendrocyte maturation and myelination (Iwamoto et al, 2005) , together with corresponding alterations in gene expression, was reported for cerebral cortex from small cohorts of subjects diagnosed with schizophrenia and related disease. These changes, however, did not occur in all postmortem collections explored so far, and when analyses is limited to Figure 1 . The Epigenome, from nucleus to nucleosome. Schematic illustration of (green) gene poised for transcription by polymerase II (Pol II) initiation complex, with nucleosome free interval at transcription start site (TSS). (Blue) distal enhancer sequence which in loop-like structure moves in close proximity to active gene. (Red) marks a small subset of heterochromatic portions of the genome, including silenced gene and heterochromatic structures bordering the nuclear envelope and pore complex, and also the nucleolar periphery. A small subset of representative histone variants and histone H3 site-specific lysine (K) residues at N-terminal tail (K4, K9, K27, and K36) or core fold domain of the (histone) octamer (K79) and the H4K20 residue are shown as indicated, together with panel of mono-and trimethyl, or acetyl modifications that differentiate between active promoters, transcribed gene bodies, and repressive chromatin, as indicated. DNA cytosines that are hydroxymethylated at the C5 position are mostly found at active promoters, whereas methylated cytosines are positioned within body of actively transcribed genes and around repressed promoters and in constitutive heterochromatin.
between group differences, disease-associated alterations in epigenetic markings surrounding proximal promoter sequences could show in some cases only subtle changes between cases and controls (Mill et al, 2008; Siegmund et al, 2007; Tochigi et al, 2008) . This, of course, is not too surprising. Individual subjects, even those bearing the same psychiatric diagnosis, nonetheless are defined by a considerable degree of heterogeneityFnot only in terms of etiology of disease, and underlying genetic risk architecture but also in their various degrees of exposure to alcohol (Marutha Ravindran and Ticku, 2004) , nicotine (Satta et al, 2008) , psychostimulants (Numachi et al, 2007; Numachi et al, 2004) and many other drugs and environmental factors affecting brain DNA methylation levels. Subjectspecific variabilities in glia-to-neuron ratios due to astrocytic proliferation or microglial invasion (Connor et al, 2011) , or loss of oligodendrocyte (Haroutunian et al, 2007) could contribute to additional variability. Therefore, considering that group sizes, particularly in postmortem studies, typically are comparatively small with the N rarely exceeding 100, epigenetic studies solely focused on cohort-based effects of diagnosis are unlikely to bear significant fruit.
However, the above raised skepticisms against cohortbased epigenetic analyses should not distract from the significant merits of that approach. For example, one type of study design, which is presently gaining some traction, is to focus on small regulatory networks involving both epigenetic and/or microRNA-based post-transcriptional modulators of gene expression, as illustrated by several recent postmortem studies conducted on the prefrontal cortex of subjects with schizophrenia and related disease. For example, deficits in a subset of inhibitory neuron-speciifc transcripts could be linked to local levels of neurotrophin supply, particularly brain-derived neurotrophic factor (BDNF), which in turn were modulated by a set of small RNAs including miR-195 (Mellios et al, 2009) . In addition, a subset of BDNF gene promoters in schizophrenia prefrontal cortex cannot be fully accessed by the growth arrest and DNA-damage-inducible, beta GADD45b protein, which coordinates DNA demethylation pathways, resulting in excess DNA methylation and hydroxymethylation of BDNF promoter IX and decreased transcription from that site (Gavin et al, 2012) . Likewise, dysregulated expression of DNA methyltransferase DNMT3a and various transcription factors was linked to decreased expression of the NMDA-sensitive small RNA, mIR-132 (Miller et al, 2012) .
In the following, we discuss how chromatin studies in human brain, in conjunction with genetic approaches, could provide important clues about underlying mechanisms of disease. On the basis of DNA methylation analyses in blood chromatin collected across three generations from the same pedigrees, more than 92% of the differences in methylcytosine load between alleles is explained by haplotype, suggesting a dominant role of genetic variation in the establishment of epigenetic markings, as opposed to environmental influences (Gertz et al, 2011) . Likewise, in the human cerebral and cerebellar cortex, methylation of several hundred CpG enriched sequences is significantly affected by genetic variations, including single-nucleotide polymorphisms (SNPs) separated from the CpG site by 41 Mb (Numata et al, 2012; Zhang et al, 2010a ). An even larger number of genetic polymorphisms were linked to gene expression differences in the prefrontal cortex, including many SNP-based haplotypes within promoters and around the 5 0 ends of annotated transcripts (Colantuoni et al, 2011) . Extrapolating from these general findings, it is very likely that genotype is a major driver in the context of epigenetic (dys) regulation and gene expression changes in the diseased brain, with many of the disease-associated mutations and variations likely to be positioned in regulatory and non protein-coding sequences. To speak more clearly, even some of the more optimistic estimates on the role of protein-coding variations, based on recent exome sequencing in subjects with autism and schizophrenia predict that no more than 25 to 50% of sporadic cases carry disease-associated mutations in protein-coding sequences (O'Roak et al, 2011; Xu et al, 2011) .
The following rather simple example, focusing on the GAD1 promoter (chr. 2q31), which regulates GAD67 GABA synthesis enzyme expression, is mentioned here to illustrate the potential merits of exploring disease-relevant genetic and epigenetic risk architectures together in the same subject/tissue. The GAD67 transcript is downregulated in cerebral and cerebellar cortex of a significant portion of subjects diagnosed with schizophrenia, depression or autism and this type of alteration may contribute to desynchronization of cortical networks and cognitive dysfunction because of defective GABAergic inhibition Benes et al, 2007; Blatt and Fatemi, 2011; Curley and Lewis, 2012; Guidotti et al, 2000; Volman et al, 2011) . Importantly, both in human and rodent cerebral cortex, Gad1/GAD1 promoter-associated DNA methylation, and multiple histone acetylation and methylation markings are highly regulated during the course of normal development and aging (Huang and Akbarian, 2007a; Huang et al, 2007b; Siegmund et al, 2007; Tang et al, 2011; Zhang et al, 2010b) , and are sensitive to exposure of histone deacetylase inhibitor drugs and even to the atypical antipsychotic, clozapine (Chen et al, 2011; Huang et al, 2007b) . These findings, taken together, would imply that epigenetic decoration and activity of the Gad1/ GAD1 promoter in the prefrontal cortex is highly sensitive to the impact of multiple non-genetic factors such as drug exposure, disturbed neurodevelopment and so on. Strikingly, however, it is the genetic variants surrounding the GAD1 promoter that recently emerged as a major driver for the disease-related decline in GAD67 transcript and the epigenetic decoration of the proximal GAD1 promoter in subjects with schizoprenia, including the balance between 'open' and 'repressive' histone methylation markings histone H3 trimethyl-lysines, K4me3 and K27me3 (Huang et al, 2007b) . Notably, the same halplotype and polymorphisms, positioned within few Kb from the GAD1 transcription start site, confer genetic risk for accelerated loss of frontal lobe gray matter (Addington et al, 2005; Straub et al, 2007b) and, via epistatic interaction with COMT alleles regulating synaptic dopamine, modulate overall GABA tissue levels in the prefrontal cortex (Marenco et al, 2010) . The exact molecular mechanism linking these haplotypes to epigenetic (dys) regulation of GAD1 in diseased tissue remain unclear, but at least a subset of the GAD1 promoter polymorphism implicated in schizophrenia are predicted to alter regulatory sequences and binding motifs for MYOD1 and other types of transcription factors (Straub et al, 2007a) . In any case, the GAD1 example reaffirms that genotypic variation is a major driver for the manifestation of epigenetic alterations in diseased brain, with important implications for common psychiatric disorders, such as schizophrenia.
Given the aforementioned examples, and apparent importance of genetic variation (on epigenetic alterations in brains of psychiatric subjects) (Table 1) , it is obvious that simple, group-based analysis ('cases' vs 'controls') could often fall short to capture the disease-relevant signal. This problem is further enhanced by the fact that postmortem studies, typically dealing with group sizes far below 100, are notoriously underpowered. Therefore, we are tempted to predict that in the nearby future, the exploration of epigenetic alterations that are highly specific to individual subjects will, at least on the genome-wide scale (see also Table 1 and Figure 3 ), emerge as an important alternative to the more conventional, cohort-based approaches in the postmortem field. One possible roadmap for such type of subject-specific approach was recently outlined in a genome-wide study on the transcriptional mark, histone H3-trimethyl-lysine 4 (H3K4me3), conducted on prefrontal cortex of 16 subjects on the autism spectrum. In that study, not one locus reached statistical significance between the case and control cohort. Instead, alterations in specific individuals were essentially defined as statistical outliers via Poisson distribution (Shulha et al, 2011) . Using this approach, the study identified more than 700 sequences genome-wide, each ranging in size 0.5-3 Kb, which showed an altered histone methylation profile in at least one of the autism brains, in comparison to each of the controls without exception. By using such type of algorithm, 700 sequences with epigenetic dysregulation in prefrontal cortex of autistic individuals emerged and remarkably, there was a 2-3 fold, significant enrichment for genes and loci conferring genetic risk for neurodevelopmental disease (Shulha et al, 2011) . This finding suggest that, at least in autism, epigenetic and genetic risk maps overlap significantly (Shulha et al, 2011) . Furthermore, for many loci with an abnormal epigenetic signal in one (or several) autistic individuals, alterations in levels of the corresponding gene transcript could be documented for at least some of the very same cases with altered histone methylation (Shulha et al, 2011) . On the basis of these findings, one could conclude that disease-associated molecular pathology was highly specific for each brain, with each individual affected by a unique combinatorial set of abnormal histone methylation levels at select transcription start sites, together with altered expression of the associated gene transcripts. These individual-specific epigenetic alterations in the autism postmortem cohort included AUTS2, PARK2, RIA1, RIMS3, SHANK3, VGEL and many other susceptibility loci with high penetrance for disease risk (Shulha et al, 2011) . The next challenge will be to search for potential mutations, or insertions and deletions or some other DNA structural variants, many of which could involve regulatory sequences in cis (at the site of the epigenetic alteration) or perhaps some other portion of the genome. We predict that in the nearby future, an increasing number of postmortem studies will embark in comprehensive epigenome and transcriptome profilings in conjunction with whole-genome sequencing (which is becoming increasingly affordable with a current cost base per genome below $10 000, including several vendors listed in Table 2 ). With an ever increasing density of information in the genetic risk databases (at least for a subset of psychiatric conditions, such as autism, schizophrenia and bipolar disorder), such type of analyses could be expected to reveal meaningful information about Figure 1) . Initially, genome-wide distribution of epigenetic marks were profiled with microarrays (ChIP-chip) but NGS methods have superseded these demonstrating distinct advantages with increased sensitivity and comprehensiveness of genomic profiles (Park, 2009; Zhao and Grant, 2011) . Here, we will therefore concentrate on the ChIP-seq method and will give an overview of the steps involved when analyzing such data. Several NGS sequencing platforms are in use today for epigenomic research, including Illumina Genome Analyzer, ABI SOLID, Roche 454, Helicos. Typically these platforms produce from hundreds of thousands of reads to hundreds of millions of short sequences called reads or tags with sequence lengths ranging from 35 to 350 bp (depending on the system used). Reads are recovered in the standard fastq format that comprises the read sequence and a quality score for each base call in the tag sequence. Processing and analysis of a ChIP-seq experiment starts with one or more fastq read files.
The first step in the analysis of an ChIP-seq experiment is the mapping of reads to a reference (or known) genome followed by (i) conversion of the mapped reads into integer counts of reads at each position of the genome (coverage), (ii) selection of enriched genomic regions (peak calling), and (iii) evaluating the significance of called peaks (significance ranking), and (iv) visualization. We will briefly outline each analysis step and point to bioinformatics software helpful to carry out these steps.
The mapping step refers to finding the location of the large numbers of short DNA sequences on a known reference genome and is accomplished by sequence alignment. Traditional sequence alignment methods (Blast (Altschul et al, 1990) , Blat (Kent, 2002) , Smith-Waterman (Smith and Waterman, 1981) ) do not scale well to the small size and large numbers of sequenced fragments produced by the new sequencers. Useful alignment tools should be able to perform the many alignments in a reasonable amount of time and without too big a memory footprint. As a result new computational algorithms have been and are still developed to fulfill these efficiency and memory requirements and multiple open source and commercial implementations are available to groups involved in epigenomic research. The bowtie software (Langmead et al, 2009 ) is a commonly used implementation of the 'seed and extend' approach for fast sequence alignment and achieves an acceptable balance between speed and memory usage. Most of these alignment programs are commandline tools tunable by setting many parameters affecting the specificity and selectivity of the analysis results. A reasonable approach is to start with the default parameters and systematically vary the parameter values until an acceptable number of reads are aligned. Read alignment algorithms are an active field of bioinformatics research and are reviewed in (Flicek and Birney, 2009 ) The SeqAnswers wiki site (http:// seqanswers.com/wiki/Special:BrowseData) provides updated listings of read alignment software and peak finder programs essential for carrying out additional portions of the ChIP-seq data analysis, including those outlined in the next paragraph (Pepke et al, 2009) .
Once the sequence reads are mapped a read distribution is established on the genome for each sample where each position on the genome is supplied with the number of reads mapping on that position. The essential ChIP-seq analysis step then is to find regions of the genome where the integer distribution function of the ChIP sample has a larger value than a control distribution. The control distribution can be empirical or theoretical. Empirically it is based on mapped genomic reads or ChIP-seq reads where the immunoprecipitation is performed with a non-specific antibody. A theoretical distribution is based on the Poisson distribution or negative binomial distribution. Epigenomics analysts can choose from a plethora of open source software tools to perform the peak finder step. Earlier tools were optimized to find transciption factor binding events. These tend to find puncate regions typical for such events. In contrast, some types of histone modifications cover broader regions, which earlier software would miss. To date, a validated, complete epigenomic data set does not exist against which a software tool can be tested. However, several unbiased validation sets are available and it is advisable to choose a tool ranked high in a performance comparison with such data sets (Micsinai et al, 2012) .
CHALLENGES FOR EPIGENETIC APPROACHES IN (HUMAN) BRAIN
Cellular Specificity of Epigenetic Markings
Conventional chromatin assays designed to detect and quantify DNA methylation and histone modifications require an input material between 10 3 -10 8 nuclei (Adli and Bernstein, 2011; Huang et al, 2006) . Such types of assay typically lack cellular resolution, which poses a challenge given that brain tissue is comprised of an extremely heterogeneous mixture of different cell types, including glia-to-neuron ratios that could show considerable fluctuations in developmental or certain disease states. To date, many studies exploring epigenetic dysregulation of gene expression in major psychiatric disease examined DNA methylation and histone modifications in tissue homogenates, thus ignoring the fact that the gene ( . This is not a trivial point, given that multipe reports emphasized the differential regulation of DNA and histone methylation at hundreds or thousands of promoter and enhancer sequences depending on cell type, resulting in considerable 'epigenetic distance' even between cortical neurons and their surrounding glia and other non-neuronal cells (Cheung et al, 2010; Iwamoto et al, 2011; Sugawara et al, 2011) . Additional differences may exist between chromatin of specific neuronal subtypes. For example, some of reported changes, such as the hypermethylation of the REELIN promoter DNA in cortical layer I of subjects with schizophrenia Veldic et al, 2004; Veldic et al, 2005) , or the aforementioned shift from open chromatin-associated (H3-trimethyl-K4) to repressive histone methylation (H3-trimethylK27) at the GAD1 gene promoter could indicate an epigenetic defect in the population of inhibitory interneurons in psychosis (Huang et al, 2007b) . This is a very attractive working hypothesis that could potentially explain the observed deficits in the corresponding REELIN and GAD1 (GAD67) RNAs (Guidotti et al, 2009 ). However, a more conclusive test of this hypothesis has to await the development of technologies for efficient sorting of GABAergic neuron chromatin directly from postmortem tissue. In principle, this is not an unsurmountable task. Methods have been developed to purify and immunotag (with anti-neuronal nucleus, NeuN antibody) neuronal nuclei, for efficient fluorescence-activated sorting and separation of 10 7 -10 8 neuronal and non-neuronal nuclei from less than 1 g of postmortem cerebral cortex in a single day, thereby enabling separate processing of neuronal and non-neuronal chromatin (Jiang et al, 2008; Matevossian and Akbarian, 2008) (Figure 2 ). These approaches should be, in principle, also applicable to capture selected interneuron subtypes or other neuronal subpopulations. Related approaches were recently employed to sort-specific subtypes of non-neuronal cells, including oligodendroglia (Hayashi et al, 2011) . One important limitation of the nuclei sorting approach is the need for epitopes that are selectively expressed in the nucleus of the cell type-of-interest, and sufficiently stable to maintain robust immunoreactivity during tissue autolysis. In an alternative approach, chromatin fragments (not nuclei) are sorted from tissue homogenates with a set of anti-methyl-DNA or modification-specific anti-histone antibodies that differentiate between open chromatin at sites of actual or potential gene expression, as opposed to repressive chromatin. After this first round of chromatin pulldown, additional epigenetic markings could then be measured separately in the open vs repressive chromatin fractions. For example, when chromatin from postmortem cerebral cortex homogenates is fractionated by pulldown for selective enrichment of trimethylated histone H3K27me3 (a repressive mark) and aforementioned open chromatin-associated H3K4me3, and then assayed for methyl-CpG densities, the GAD1 locus showed much higher DNA methylation levels in the repressive (H3K27me3) fraction, compared with open chromatin (H3K4me3) (Huang and Akbarian, 2007a) . Additional case-control studies then revealed GAD1-associated DNA methylation deficits selectively in the repressive chromatin fraction from the prefrontal cortex of schizophrenia subjects (Huang and Akbarian, 2007a) . The above examples, taken together, clearly demonstrate the potential merits of separating various chromatin fractions, defined by cell type and/or functional status, from brain homogenates before quantitative analyses of a specific epigenetic marking. Once approaches such as cell type-specific epigenome mappings will become more established in clinical and translational brain research, it will be exciting to explore chromatin structure and function of cell types ascribed a key role in a wide range of neuropsychiatric conditions, such as midbrain dopaminergic neurons, medium spiny neurons in the ventral striatum, prefrontal and hippocampal interneurons and so on.
Epigenetic Markings In BrainFState Or Trait?
The rationale to explore certain types of epigenetic modifications in postmortem brain of subjects diagnosed with psychiatric disease is, as mentioned above, often based on the hypotheses that changes in RNA expression are associated with altered epigenetic decoration at the site of the corresponding gene promoter and related regulatory sequences. Quite often the accompanying abnormalities in DNA methylation and histone modifications are then interpretated in terms of a stable and long-lasting epigenetic 'lesion' in response to an environmental insult or some other pathogenic effect operating in early life, many years before the brain was obtained at autopsy. For example, ....................................................................................................................................................... different grades of maternal care in the early postnatal period lead to differential regulation of promoter-associated DNA methylation and histone acetylation at the aforementioned disease gene, Gad1, in hippocampus of adult rats (Zhang et al, 2010b) , and likewise, deficits in open chromatin-associated histone methylation at GAD1 in prefrontal cortex of adult schizophrenics was discussed in the context of defective neurodevelopment in conjunction with a risk haplotype at the promoter (Huang et al, 2007b) . Furthermore, based on postmortem studies in adult suicide victims, there is evidence that the suffering of abuse in early childhood years leaves a lasting DNA methylation imprint on the stress regulated glucocorticoid receptor NR3C1 promoter (McGowan et al, 2009) in the hippocampus, and on DNA repeats encoding ribosomal RNAs .
However, it is fair to admit that little is known about the stability and dynamic turnover of epigenetic markings in human brain and therefore it remains unclear whether any of the aforementioned epigenetic alterations in the brain of adult psychiatric subjects indeed reflect a (mal) adaptive 'trait' stably maintained for years, or alternatively, whether disease-associated chromatin changes merely reflect the brain's functional state at the time of death. The 'trait' hypothesis appears very plausible in the context of monogenetic disorders associated with aberrant and excessive repressive DNA and histone methylation in cis (at the site of the mutation). Examples include the aforementioned CGG triplet expansion at the FMR1 (fragile X) gene promoter (Oberle et al, 1991) , or the GAA triplet repeat expansion in the first intron of the FRATAXIN gene associated with Friedreich ataxia, an autosomal recessive neurodegenerative condition (Al-Mahdawi et al, 2008) . In these cases, the epigenetic dysregulation is firmly linked to the pathophysiology of disease (resulting from silenced gene expression), and there can be little doubt that the observed changes in (postmortem) brain chromatin, like the impairments in neurological functions, most likely existed across the entire lifespan (Al-Mahdawi et al, 2008; Tassone et al, 1999) . Furthermore, there are many other examples strongly suggesting that the DNA sequence variation is a major driver for epigenetic differences between subjects. In addition to the above mentioned example gene, GAD1, many other single-SNPs across the entire genome, including those that have been genetically implicated in the risk of major psychiatric disease (including bipolar disorder and schizophrenia), exhibit a robust effect on methyl cytosine levels at the site of nearby genes (Gamazon et al, 2012; Numata et al, 2012) . However, studies in mono and dizygotic twins and related work in animals convincingly demonstrated that molecular mechanisms of heritability are unlikely due to DNA sequence differences alone (Kaminsky et al, 2009) .
On the other hand, it will be difficult to confirm whether many of the reported epigenetic alterations observed in small cohorts of 'sporadic' cases with schizophrenia, autism, depression and other psychiatric disease, represent a type of molecular alteration stably related to the underlying disease. Given that most, or perhaps all epigenetic markings studied to date are subject to bidirectional regulation in the cell culture system and animal model, it is reasonable to assume that the epigenetic decoration of human brain genomes is subject to similar types of dynamic regulation. For example, DNA methylation at specific promoter sequences is subject to rapid up or downregulation on the scale of minutes to hours (Kundakovic et al, 2007; Levenson et al, 2006) . Hippocampal DNA methylation signatures are highly sensitive to acute depolarization (Martinowich et al, 2003; Nelson et al, 2008) and electroconvulsive seizures, affecting regulatory sequences regulating NMDA and GABA-A receptor genes, Notch-signaling pathways and other systems with a key regulatory role for synaptic signal and plasticity . Furthermore, changes in neuronal activity result in robust changes in expression and activity of multiple DNA methylation-associated proteins with an essential role for neuronal health and function, including the methyl-CpGbinding protein MeCP2 or Gadd45b, which recruits cytidine deaminases and thymidine glycosylases at genomic sites subject to active DNA methylation (Cohen et al, 2011; Li et al, 2011b; Ma et al, 2009) . Furthermore, based on work done in rodents, even physiological activation of hippocampal circuitry during learning and memory is sufficient to elicit highly dynamic DNA methylation changes at PP1, REELIN and other gene promoters regulating synaptic plasticity (Day and Sweatt, 2010; Miller et al, 2010) . The complex molecular machineries mediating demethylation of CpG dinucleotides or histone lysine residues are becoming increasingly understood, which is remarkable progress given that these and other types of epigenetic modifications were not long ago considered to be potentially irreversible (Klose and Zhang, 2007; Loenarz and Schofield, 2011; Miller and Sweatt, 2007; Ooi and Bestor, 2008) . Given the above, one cannot exclude that at least some of the epigenetic alterations reported in diseased postmortem brain are not necessarily stable imprints that exist for very long periods of time, and instead, could potentially reflect a mechanism that operated on a much shorter time scale before death, perhaps lasting only a few days or even less. The rapidly growling list of conditions acutely affecting the regulation of chromatin structure and function in brain includes ischemia (Endres et al, 2000) , and exposure to environmental toxins (Bollati et al, 2007; Desaulniers et al, 2005; Salnikow and Zhitkovich, 2008) , nicotine (Satta et al, 2008) , alcohol (Marutha Ravindran and Ticku, 2004) , psychostimulants (LaPlant et al, 2010; Numachi et al, 2007; Numachi et al, 2004) , antipsychotic drugs (Cheng et al, 2008; Dong et al, 2008; Li et al, 2004; Mill et al, 2008; Shimabukuro et al, 2006) and mood stabilizers such as lithium (Kwon and Houpt, 2010) and valproate (Bredy et al, 2007; Dong et al, 2008) .
PSYCHIATRIC EPIGENETICS IN THE CULTURE DISH?
Given the aforementioned confounds and caveats inherent to any work on postmortem brain tissue, it is not surprising that many investigators in the field are beginning to embark on projects involving induced pluripotent stem cells (iPS), using skin grafts or other cell types provided by patients and controls as the starting material. During the last 6 years following the initial report of successful generation of pluripotent stem cells by reprogramming somatic cells via retroviral transduction of four transcription factors (ie, Oct4, Sox2, Klf4, and c-Myc) (Takahashi and Yamanaka, 2006) , the technique has been further advanced (Kim, 2010) and applied by multiple groups to generate iPS-derived neuronal and glial cultures from patients (and animal models) to study brain disease in the culture dish. Examples include amyotrophic lateral sclerosis (motor neuron disease) (Dimos et al, 2008 ), Parkinson's disease (Wernig et al, 2008) , Rett syndrome (Farra et al, 2012; Muotri et al, 2010) , and schizophrenia (Brennand et al, 2011) . These pioneering studies have paved the way for future iPS-based approaches that most certainly will become a mainstay in the field of biological psychiatry. Cellular reprogramming with subsequent neural differentiation, including neural circuitry and active synapse formation in the dish, is likely to mimic many key steps of neurodevelopment, and opens up the possibility to conduct electrophysiological recordings and other functional assays on nervous tissues of living subjects (Brennand et al, 2011) . Therefore, iPS technology provides an unprecedented opportunity to study the molecular and cellular biology of the nervous system from any patient (or at least from those who are able to give consent). Notably, many established psychiatric susceptibility genes, such as NEUREGULIN1 (NRG1), NEUREXIN1 (NRXN1) and many others show dynamic changes in expression during the course of neural differentiation of reprogrammed skin cells . A subset of psychiatric susceptibility genes may even, as in case of the MYLT1 transcription factor, which when mutated confers high risk for neurodevelopmental disability, promote the process of neuronal differentiation from stem cell preparations ex vivo (Pang et al, 2011; Stevens et al, 2011) .
These recent advances in reprogramming technologies have also fueled general interest in the field to explore epigenetic regulation of the nervous system in patient-and control-derived iPS. For example, several studies explored chromatin structures and synaptic signaling in neuronal cultures of Rett syndrome patients with MECP2 mutations and controls (Farra et al, 2012; Muotri et al, 2010) . The MECP2 gene product, methyl-CpG-binding protein 2, is highly expressed in the nervous system and occupies widespread territories of neuronal chromatin, dependent on the local density of methyl-CpG-dinucleotides (Skene et al, 2010) . Loss-of-function mutations and other MECP2 structural variants have been linked to Rett syndrome, a disorder of early childhood associated with developmental ............................................................................................................................................................ and cognitive regression and a broad range of neurological symptoms (Amir et al, 1999; Chouery et al, 2011) . The molecular and cellular mechanisms linking MECP2 mutations to neuronal dysfunction and brain disease remain incompletely understood. Importantly, work on reprogrammed skin cells of Rett patients and Mecp2 mutant mouse brain associates loss of MeCP2 function with disinhibition and increased genomic mobility of retrotransposon and other parasitic DNA element activities because of altered DNA and histone methylation, in conjunction with changes in the global chromatin state (Muotri et al, 2010; Skene et al, 2010) . This work illustrates the promising potential of neural cultures, derived from skin fibroblasts, to study epigenetic (dys) regulation in specific disease cases and to gain knowledge about the molecular underpinnings of neurological disorders.
Interestingly, the short chain fatty acid derivative valproic acid (VPA), a widely prescribed mood stabilizer and anticonvulsant drug acting as a broad histone deacetylase inhibitor induces pluripotency from skin fibroblasts when co-administered with Oct-4 and Sox-2 transcription factors (Huangfu et al, 2008) . Furthermore, VPA promotes neuronal differentiation from progenitor stages (Hsieh et al, 2004; Yu et al, 2009 ) and the drug induces in cell culture and brain the upregulation of open chromatinassociated histone acetylation and methylation markings at promoters of genes with a key role in neurotransmission (Gavin et al, 2009; Guidotti et al, 2009; Huang et al, 2007b) . It will be interesting to quantify these VPA-dependent effects on pluripotency and neuronal differentiation, and to compare VPA treatment responders to non-responders. More broadly, pharmacoepigenomics, or a drug's direct and indirect effects on chromatin structure and function, may perhaps in the future emerge as an interesting biomarker to predict treatment response, side effects or illuminate novel, hitherto unsuspected mechanisms of drug action. While this prediction is presently highly speculative, it is interesting to note that a wide range of psychoactive drugs, including dopamine receptor agonists (Schroeder et al, 2008) , typical and atypical antipsychotics (Huang et al, 2007b; Li et al, 2004) , and several mood-stabilizers, including lithium and valproate (Bredy et al, 2007; Dong et al, 2008; Kwon and Houpt, 2010) , were shown to affect DNA methylation and/or histone acetylation, phosphorylation, and methylation in selected areas of the forebrain.
However, despite of all these unprecedented perspectives of generating nervous tissue in the dish from skin cells, it is important to point out that the technique still faces hurdles and challenges, particularly in the context of epigenetic regulation. This is because the eraser and subsequent redecoration of epigenetic markings across the genomeFa key mechanism for successful reprogrammingFmay be incomplete at some loci, resulting in carry over effects so that the reprogrammed cells (iPS) maintain DNA methylation signatures, which define the original donor cell type (eg, fibroblasts) (Nishino et al, 2011; Ohi et al, 2011) . Similarly, the exact choice of transcription factors used to induce reprogramming, including relative levels of Oct-4, cmyc and Sox-2 result in robust differences of the resulting iPS cells, including their pluripotency and oncogenic potential (Carey et al, 2011) . Therefore, there is considerable variability of cellular phenotypes after reprogramming, and it will be difficult to faithfully 'rebuild' in the culture dish the cortical neuronal networks with their constituents such as pyramidal neurons and their surrounding inhibitory cells. This is a challenge for any disease-related study, including many psychiatric disorders, which are likely to show only subtle differences in cellular response patterns, as compared with controls. Based on the above, it appears important to minimize these variabilities to avoid falsepositive conclusions. Among the list of reasonable countermeasures would be generation of multiple reprogrammed lines collected from the same subject, or careful choice of transfection conditions in order to minimize interindiviudal dfferences in treatment.
While purely speculative at this point in time, imagine the potential benefits of the iPS technology for pharmaco(epi)-genomics and treatment response paradigm. For example, iPS-derived cells could be 'challenged' with a compound and the epigenome signature measured to distinguish between treatment-resistant and treatment-responsive patients. In this context, one interesting biomarker appears to be related to levels histone methylation and acetylation levels in peripheral blood cells of subjects exposed to the histone deacetylase inhibitor, valproate (Gavin et al, 2008) .
EPIGENOME ORGANIZATION AND HIGHER ORDER CHROMATIN STRUCTURES
Although nucleosomal organization leads to a sevenfold increase in packaging density of the genetic material, as compared with naked DNA, the actual level of compaction in the vertebrate nucleus is about three orders of magnitude higher (Belmont, 2006) . These chromosomal arrangements in the interphase nucleus are not random. For example, loci with active transcription are more likely to be clustered together and positioned towards a central position within the nucleus, whereas heterochromatin and silenced loci tend to locate towards the nuclear periphery (Cremer and Cremer, 2001; Duan et al, 2010) . Chromatin loopings, in particular, are among the most highly regulated 'supranucleosomal' structures and pivotal for the orderly process of gene expression, by enabling distal regulatory enhancer or silencer elements positioned a few, or many hundred kilobases apart from a gene, to interact directly with that specific promoter (Gaszner and Felsenfeld, 2006; Wood et al, 2010) . Despite of the growing realization of the importance of these and other higher order chromatin structures for transcriptional regulation, very little is known about their role in the nervous system. Until recently, there were only three studies in the literature that explored loop formations in brain tissue (Dhar et al, 2009; Horike et al, 2005; Jiang et al, 2010) , with a few additional papers using the brain as negative control for their studies on the sensory epithelium of the nose (Lomvardas et al, 2006) or the hematopoetic system (Simonis et al, 2006) . However, to date, nothing is known about chromatin loopings in human brain. The assays for mapping of three-dimensional architectures are also known as 3C (chromosome conformation capture) assays. The 3C technique explores physical interactions between DNA fragments separated by Kb or Mb of interspersed sequence; crosslinked chromatin is digested with a specific restriction enzyme, religated and amplified using primer pairs for which forward and reverse primers match to different portions of the genomic locus-of-interest. It will be important to clarify in the nearby future whether the 3C technique (and some of its higher order or even genome-scale derivatives, such as 4C, 5C or HiC (Simonis et al, 2007) ) is compatible with postmortem brain tissue. If this turns out to be the case, then the exploration of these higher order chromatin structures will provide an important and new level of information, as it pertains to genome organization and chromosomal configurations and architecture in CNS interphase nuclei. Specifically, successful implementation of the technique in postmortem brain would open up the opportunity to map at the site of disease risk genes the promoter-enhancer interactions and to uncover novel regulatory sequences hitherto not 'visible', because often they are in a linear genome spatially separated form transcription start sites by hundreds of kilobases. To highlight the potential use of chromosome conformation capture in the context of psychiatric disease, consider the example of the major histocompatibility complex (MHC) locus, which long has been implicated in psychiatric disease, conferring significant genetic risk to schizophrenia and related disease as most recently shown in three large GWAS studies published jointly in 2009 (Purcell et al, 2009; Shi et al, 2009; Stefansson et al, 2009) . These studies identified up to 45 disease-associated SNPs in the 26-33-Mb region of the MHC loci on chromosome 6. Strikingly, 50% of these SNPS are not located near genes and in fact, the strongest SNP at rs13194053 (P ¼ 9.54 Â 10
À9
) is more than 29 kb away from its nearest gene HIST1H2AH. A functional role for many intergenic regions would not be surprising as many intergenic regions alter expression of upstream and downstream genes (Kleinjan and van Heyningen, 2005) , and the mechanistic work-up of these SNPs will certainly require application of chromosome conformation capture and related technologies.
SYNOPSIS AND OUTLOOK
Over the course of only a few years, we have witnessed a proliferation of epigenetic studies in human brain, ranging from exploration of chromatin structures at a specific genomic locus to genome-wide epigenome mapping in defined cell types, generally with signal-to-noise ratios and signal quality comparable to those obtained in animal brains. Work from multiple groups, focusing mainly on human association cortex, point to large-scale remodeling of DNA and histone methylation landscapes during the late pre-and early postnatal phase and early childhood, with comparatively less dramatic changes during subsequent stages of development and aging (Cheung et al, 2010; Numata et al, 2012) . Still, hundreds of promoters are subject to epigenetic changes that seemingly continue into old age, and these data, taken together, leave little doubt that chromatin structures undergo remodeling throughout the lifespan of the human brain (Hernandez et al, 2011; Numata et al, 2012; Siegmund et al, 2007) , including neurons and other terminally differentiated cells (Cheung et al, 2010) . Based on postmortem brain work, epigenetic risk architectures are beginning to emerge for a number of common psychiatric conditions and disorders, including autism (Shulha et al, 2011) , schizophrenia (Akbarian, 2010) , depression and bipolar disorder (Gamazon et al, 2012; Tang et al, 2011) and alcoholism (Taqi et al, 2011) Table 1 ). We predict that only very few, if any, loci will show group-based differences when assayed in genome-wide epigenetic screens. Instead, we argue that epigenetic exploration of brain cells and tissue is ideally done in phenotypically well-characterized subjects, in conjunction with whole genome and transcriptome sequencing of the same cases and tissues. A principle roadmap, or 'flowchart' for a proper work-up of so-called 'sporadic' disease cases is presented in Figure 3 . Such type of comprehensive approach could be expected to uncover, in a substantial portion of cases, disease-relevant mutations in regulatory and other sequences that are not well captured by conventional exome-sequencing platforms. Of note, only 1-1.5% of the genome encodes protein-coding sequences, therefore exome sequencing will exclude a large majority of the genome from analyses. The important role of epigenetically regulated non-coding DNA was further ascertained in by recent bioinformatical analyses, by showing that these regions are generally deficient of SNP and underwent a purifying selection (Tolstorukov et al, 2011) . Without question, the epigenetic exploration of the human brain, including high resolution mapping of DNA and histone modifications and histone variant distribution, as well as charting of higher order chromatin structures, will continue to be a most exciting endeavor to gain critical insights into the mechanisms of normal and diseased human development and aging.
